
Abstract. Background/Aim: Docking protein 2 (Dok2) is an
adapter protein which is involved in hematopoiesis. However,
it still remains unclear how Dok2 functions in regulation of
transcription of hematopoietic genes. To address this issue,
we knocked-down Dok2 mRNA in mouse erythroleukemia
cells which highly express Dok2 intrinsically. Materials and
Methods: Mouse erythroleukemia cells were transfected with
Dok2 siRNA for 24 h and gene expression of erythroid
differentiation-related genes, such as GATA binding protein 1
(Gata1), Krüppel-like factor 1 (Klf1), α-globin and β-globin
were assessed by real-time polymerase chain reaction.
Results: Among the tested genes, expression of Klf1 exhibited
a 1.94-fold increase when compared to the control 24 h after
transfection. Immunocytochemistry and chromatin
immunoprecipitation assays revealed that Dok2 protein
localizes in the nucleus and binds to the promoter region of
Klf1 gene. Conclusion: Dok2 is able to control Klf1
expression by transcriptional regulation through directly
binding to its promoter region.

Hematopoiesis is a process which produces mature
functional blood cells that maintain homeostasis. During
hematopoiesis, hematopoietic stem cells are generated from
the mesoderm, and differentiate into progenitor cells,
maturing into erythrocytes, granulocytes, macrophages,
lymphocytes and platelets (1). This process is strictly
regulated by intrinsic and extrinsic molecules and an

imbalance in this regulation can give rise to various
hematological diseases, such as leukemia (2, 3). Extrinsic
molecules include cytokines, chemokines and extracellular
matrix proteins which are derived from hematopoietic cell
controlling niches (4). Previously, we demonstrated that
Delta-like 1 homolog (Dlk1)-expressing hepatoblasts
function as niche cells for hematopoietic stem cells by
regulating homing and cell differentiation through secretion
of extracellular matrix proteins and cytokines (5). In addition
to these molecules, hematopoietic cells have also been
reported to be regulated intrinsically by transcription factors
(1, 6). GATA binding protein 1 (Gata1) and spleen focus-
forming virus proviral integration oncogene (Spi1, also
known as Pu.1) are well-known transcription factors which
regulate the fate of hematopoietic cells. Gata1 is a key
transcription factor in erythropoiesis and regulates
transcription of Krüpper-like factor 1 (Klf1) and activation
of β-globin transcription (7). Ectopic expression of Gata1 in
myleomonocytic cells can induce them to differentiate into
eosinophil, erythroid, and megakaryocytic cells (8-10). On
the other hand, Pu.1 regulates the fate of myeloid cells and is
involved in granulocyte, monocyte and lymphocyte
development (8, 11). In erythroid cells, Pu.1 acts as an
inhibitor of erythroid differentiation by antagonizing Gata1
(1, 12). Thus, proper expression of transcription factors is
important to maintain homeostasis of hematopoiesis, and
abnormal functioning of these factors are known causes of
leukemogenesis (13).

Docking protein 2 (Dok2) (also known as DokR, p56 and
Frip), a member of the Dok protein family, is an adapter
protein that is a substrate for tyrosine kinase. Dok1, -2 and -
3 are selectively expressed in hematopoietic cells among the
seven Dok protein members (14-17). Two groups have
reported that double knock-out of Dok1 and Dok2 in mice
induces the abnormal proliferation of myeloid cells due to
an increase of proliferation and reduced apoptosis, and is
associated with Rat sarcoma virus oncogene (Ras)/mitogen-
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activated protein kinase (Mapk) and Thymoma viral proto-
condogene (Akt) activation (18, 19). The role of Dok2 in
myeloid leukemia has also been investigated and it was
found to act as a suppressor of leukemia (15, 19). Although
the function of Dok2 as a member of tyrosine kinase
signaling molecules and its roles in regulating myelopoiesis
have been extensively investigated, it still remains unclear
how Dok2 functions in hematopoietic transcriptional
regulation. To address this, we knocked-down Dok2 gene in
mouse erythroleukemia (MEL) cell line, which is a kind of
leukemia cell line with the potential to be induced into
erythroid cells and is widely used to study erythropoiesis.
Herein we present evidence that Dok2 regulates the
expression of Klf1 through directly binding to its promoter
region and demonstrated a novel role of Do2 as a mediator of
gene transcription in hematopoiesis.

Materials and Methods
Cell lines. Two types of cell lines, MEL cell line (kindly provided
by Dr. Brand, Ottawa Health Research Institute, Ottawa, Canada)
and Friend erythroleukemia cell line (F5-5. Fl, RIKEN BioResource
Center, Ibaraki, Japan) were used in this study. The cells were
maintained in RPMI-1640 (Wako Pure Chemical Industries, Osaka,
Japan) supplemented with 10% fetal bovine serum (FBS) and 
10 U/ml penicillin and 10 mg/ml streptomycin (Sigma-Aldrich,
Saint Louis, MO, USA). Cells were passaged every 3-4 days. 

siRNA transfection. Knock-down of Dok2 mRNA in MEL cells was
performed using siRNAs (Sigma- Aldrich) with transfection reagent,
Lipofectamine® 2000 (Life Technologies, Palo Alto, CA, USA).
Silencer® Negative Control No.1 siRNA (Ambion, Austin, TX,
USA) was used as a control siRNA. Before the transfection, 1.0×105

cells were plated in 24-well plate in RPMI-1640 containing 1%
FBS. Two microliters of Lipofectamine and 60 pmole of single
siRNAs were mixed with 50 μl of Opti-MEM®I Reduced Serum
Medium (Life Technologies), respectively, and incubated at room
temperature for 20 minutes to form Lipofectamine–siRNA complex.
After incubation, Lipofectamine–siRNA complexes were mixed
with the cells and incubated at 37oC, 5% CO2. Cells were collected
at 24 hours after transfection and kept in RNAlater (Life
Technologies) until gene expression analysis.

May-Grünwald Giemsa staining. Cultured cells were attached onto
glass slides (Matsunami glass, Kishiwada, Osaka, Japan) by
CytoSpin4 (Thermo Fisher scientific, Waltham, MA, USA) at 450
rpm for 7 min and dried thoroughly. Cells were fixed and stained
with May-Grünwald reagent (Muto Pure Chemicals, Tokyo, Japan)
at room temperature for 5 min, briefly washed with tap water and
incubated with PBS, pH 6.4, for 2 min. Cells were then incubated
with 1:18 diluted Giemsa solution (Muto Pure Chemicals) at room
temperature for 30 min. After washing with tap water, the slides
were dried and were covered with glass coverslips by using MGK-
S mounting solution (Matsunami glass). Slides were observed using
an Olympus CKX41 microscope (Olympus, Tokyo, Japan).

Immunocytochemistry. Cultured cells were attached onto glass slides
(Matsunami glass) by CytoSpin4 (Thermo Fisher scientific) at 450

rpm for 7 min and dried thoroughly. Cells were fixed in 1%
paraformaldehyde at 4˚C for 30 min. After washing with PBS, cells
were incubated with PBS containing 0.05% Triton-X 100 at room
temperature for 15 min. After three washes with PBS, the cells were
blocked with PBS containing 1% BSA at room temperature for 30
min and incubated overnight at 4˚C with goat anti-mouse Dok2
(1:100, Santa Cruz Biotechnology, Dallas, TX, USA) primary
antibody. After three washes with PBS, cells were then incubated
with donkey anti-goat IgG AlexaFluor488 (1:400, Invitrogen,
Carlsbad, CA, USA) and TOTO-3 iodide (1:1500; Invitrogen) at
room temperature for 30 min. After a further three washes with
PBS, cells were mounted on coverslips with fluorescent mounting
medium (Dako Corporation, Glostrup, Denmark) and assessed using
a Fluo View 1000 confocal microscope (Olympus).

Flow cytometric analysis. Cells were stained with 1 μg/ml of
propidium iodide (PI) (Invitrogen) to distinguish the dead cells and
analyzed by BD FACS Aria (BD Bioscience, San Jose, CA, USA).

RNA extraction and real-time polymerase chain reaction (PCR).
Total RNA was extracted from cultured cells using RiboPure™ Kit
(Ambion), and mRNA was reverse transcribed into cDNA using a
High-Capacity RNA-to-cDNA Kit (Life Technologies). Expressions
of Dok2, Gata1, Klf1, α-globin, β-globin and β-actin were assessed
by using StepOnePlus™ real-time PCR (Life Technologies) with
TaqMan® Gene Expression Assays (Life Technologies). mRNA
levels were normalized to that of β-actin and relative expression of
each gene calculated using a relative standard curve method. 

Chromatin immunprecipitation (ChIP) assay. ChIP assay was
performed using a Chromatin Immunoprecipitation Assay Kit
(Millipore, Bedford, MA, USA) according to the manufacturer's
protocol. For ChIP assay, 1×106 cells were used. Proteins and
genomic DNA were cross-linked by formaldehyde and then sheared
by sonication. Immunoprecipitation was carried out overnight with
2 μg of goat anti-mouse Dok2 antibody (Santa Cruz Biotechnology).
The amount of Klf1 and β-globin promoter in total input DNA and
immunoprecipitated DNA were measured by StepOnePlus™ real-
time PCR (Life Technologies) with Fast SYBR® Green Master Mix
(Life Technologies). Promoter regions of Klf1 and β-globin gene
were identified by the Database of Transcriptional Start Sites
Release 8.0 (http://dbtss.hgc.jp/) and were located between 500-
1000 bp at 5’-end of transcriptional start sites. Primer sets binding
to the promoter regions were designed by Primer Express version
3.0 software (Life Technologies). The sequences of primers were:
Klf1 promoter-specific primers, forward: 5’-TCTGCTCAAGGAG
GAACAGAGCTA-3’, reverse: 5’-GGCTCCCTTTCAGGCATTA
TCAGA-3’; and β-globin promoter-specific primers, forward: 5’-
GACAAACATTATTCAGAGGGAGTA-3’, reverse: 5’-AAGCAA
ATGTGAGGAGCAACTGAT-3’. 

Statistical analysis. Results are expressed as the mean±SD. Paired
samples were compared using Student’s t-test.

Results
Expression of Dok2 in mouse erythroleukemia cell lines.
Gene and protein expression of Dok2 were examined by
real-time PCR and immunocytochemistry. Figure 1A shows
the relative expression of Dok2 mRNA in the two types of
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erythroleukemia cell lines, F5-5. fl and MEL. Dok2 was
expressed in both cell lines and MEL exhibited 1.37±0.095-
fold (p=0.027) higher expression when compared to F5-5. fl.
Based on the higher expression of Dok2 mRNA in MEL
cells, we further analyzed the protein expression of Dok2 in
MEL cells by immunocytochemistry. We observed that Dok2
(green) is localized in both the cytoplasm and nucleus of
MEL cells. There were cells weakly-expressing Dok2 and
not all cells expressed Dok2. Greater intensity was detected
in cytoplasm compared to in nucleus (Figure 1B). 

Loss-of-function of Dok2 in MEL cells. To investigate the
function of Dok2 in MEL cells, Dok2 mRNA was knocked-
down by transfection with siRNA for 24 h. Cell morphology
after siRNA transfection was observed under microscopy
and also assessed by May-Grünwald Giemsa staining. Most
of the cells were round and uniform in size, and some cells
were swollen and contained vacuoles in their cytoplasm,
both in control and Dok2 siRNA-transfected cells (Figure
2A). May-Grünwald Giemsa staining also showed that
vacuoles were present in the cytoplasm (Figure 2B). No
obvious morphological differences were observed between
control siRNA and Dok2 siRNA-transfected cells.
Efficiency of Dok2 knock-down was assessed by real-time
PCR and 61% reduction of Dok2 mRNA were achieved
compared to the control cells (Figure 2C). The effects of
Dok2 knock-down on cell proliferation and cell viability
were assessed by flow cytometry. Analysis showed that the
live cell numbers were 46854±13719 cells in the control
sample and 49828±5734 cells in Dok2 siRNA-transfected
cells (Figure 2D). The cell viability was calculated as
percentage based on the number of live PI-negative cells
among the total collected cells and was 70.1±5.69% and
66.6±1.73% in control siRNA and Dok2 siRNA transfected
cells, respectively (Figure 2E). There were no significant
differences of cell number (p=0.76) and viability (p=0.37)
between the control siRNA-and Dok2 siRNA-transfected
cells. In summary, Dok2 knock-down did not affect the
proliferation and viability of MEL cells. 

Dok2 knock-down induces the expression of erythropoietic
transcription factor Klf1. MEL cell line was derived from
leukemia cells and its differentiation state is equivalent to
that of erythroid progenitors (20). Because of their potential
to follow erythroid differentiation, they have been utilized to
investigate erythropoiesis. To investigate whether Dok2 is
involved in erythroid differentiation, the expression of
differentiation-related genes, Gata1, Klf1, α-globin and β-
globin were assessed by real-time PCR. Slight decrease of
Gata1 mRNA (0.85±0.044-fold, p=0.052) and β-globin
mRNA (0.91±0.065-fold, p=0.15) expressions were observed
after knock-down of Dok2. α-Globin mRNA expression was
significantly down-regulated after Dok2 siRNA transfection

and 0.76±0.064-fold (p=0.0050) lower than control siRNA-
transfected cells. Among the genes we investigated, only Klf1
was significantly up-regulated in MEL cells transfected with
Dok2 siRNA when compared to control siRNA (1.94±fold,
p=0.0023) (Figure 3A). 

Dok2 binds to the promoter region of Klf1. Since the knock-
down of Dok2 caused significant up-regulation of Klf1
mRNA, we further investigated whether Dok2 directly
regulates the expression of Klf1. By performing ChIP assay,
we examined the binding of Dok2 to the promoter region of
Klf1 and β-globin. Figure 4 shows that the expression of
Klf1 promoter was enriched 2.44±0.96-fold (p=0.048) in the
sample immunoprecipitated with an antibody against mouse
Dok2 when compared to the control sample without
antibody. On the other hand, expression of β-globin promoter
was not enriched and was shown to be 0.0016±0.0011-fold
(p=9.4×10−13) lower when compared to the control sample
without antibody. Thus, we found that Dok2 indeed binds to
the promoter region of Klf1, but not of β-globin.

Discussion

Dok2 has been reported to be localized in the cytoplasm and
also the membrane of human embryonic kidney 293T
(HEK293T) cell line through its Pleckstrin-homology (PH)
and Phosphotyrosine binding (PTB) domains (21).
Cytoplasmic Dok2 is phosphorylated under the activated
endothelial-specific receptor tyrosine kinase (Tek, also
known as Tie2) and further activates Ras GTPase-activating
proteins and the adapter protein Non-catalytic region of
tyrosine kinase (Nck), which are involved in cell motility
(22). Thus, cytoplasmic Dok2 is a molecule of tyrosine
kinase signaling. Dok2 comprises a nuclear export sequence,
which regulates the translocation of proteins from the
nucleus to the cytoplasm, implying the existence of Dok2 in
both compartments (23). However, nuclear Dok2 expression
and its function have not previously been reported. Herein
we showed that Dok2 protein is localized in both the nucleus
and cytoplasm of MEL cells by immunocytochemistry
(Figure 1B). This implies that nuclear Dok2 regulates gene
expression in MEL cells.

Concerning hematopoietic cells, Dok2 is primarily
expressed in hematopoietic precursors (15) and is also highly
expressed in T-cells of the spleen and thymus, in addition to
myeloid cells in bone marrow (24). Double knock-out of
Dok1 and Dok2 in mice induces the abnormal proliferation
of myeloid cells, characterized by an increased percentage
of immature granulocytic/monocytic precursors in the spleen
and bone marrow, and also leads to hyperplasia of
megakaryocytes and myeloid progenitors in bone marrow
(18, 19). These changes were accompanied by an increases
in Ras/Mapk and Akt activation, which leads to activation of
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anti-apoptotic genes and increases survival of hematopoietic
cells (25). Although Dok2 in tyrosine kinase signaling and
its role in regulating myelopoiesis have been extensively
investigated, the function of Dok2 in transcriptional
regulation and its role in erythropoiesis has not been fully
investigated. The MEL cell line is a tool widely used in the
study of erythropoiesis. Based on gene and protein
expression of Dok2 in MEL cells (Figure 1A and 1B), we
further investigated the function of Dok2 by using siRNA
transfection. Inhibition of Dok2 expression reportedly
accelerates cell proliferation of macrophage-like J774A.1
cells through affecting Rous sarcoma oncogene (Src) family

kinase which mediates the induction of a cell proliferation-
related gene known as Myelocytomatosis oncogene (Myc)
(26). However, there was no significant difference in
proliferation of MEL cells between control and Dok2
siRNA-transfected cells (Figure 2D), unlike the previous
report. On the other hand, we found a significant up-
regulation of Klf1 mRNA after knock-down of Dok2 (Figure
3). Klf1 is a transcription factor which is a direct target of
Gata1 and plays important roles in erythropoiesis. Three
major aspects of Klf1 function have been reported: regulation
of erythroid-lineage commitment, switching between γ- and
β-globin, and maturation of erythrocytes during terminal
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Figure 1. Expression of Docking protein 2 (Dok2) in MEL cells. A: Relative expression of Dok2 mRNA in F5-5. fl cells and MEL cells examined by
real-time polymerase chain reaction. Expression of Dok2 in MEL cells was 1.37±0.095-fold (p=0.027, Student’s t-test) higher when compared to F5-
5. fl cells. B: Immunocytochemical image of Dok2 protein in MEL cells. Cells were stained with goat antibody to mouse Dok2 (green) and TOTO-
3 iodide (blue) for nuclear staining. Dok2 protein was localized in both cytoplasm and nucleus of MEL cells. Scale bar=10 μm.



erythropoiesis (27). The data we presented show that Dok2
could potentially bind to the promoter region of Klf1, and
that knock-down of Dok2 altered Klf1 expression. This
suggests that Dok2 transcriptionally down-regulates Klf1 in
MEL cells.  

Herein we provide evidence that Dok2 is able to
transcriptionally regulate gene expressions in addition to its
functions in downstream signaling of tyrosine kinase, and the
change of Klf1 expression after Dok2 knock-down suggests
the possibility that Dok2 is involved in regulation of
erythropoiesis and not just myelopoiesis. Although the
functions of nuclear Dok2 have not been elucidated, our

observation suggests the novel transcription factor-like
function of Dok2, and it also suggests that Dok2 is involved
in the erythropoietic transcriptional system and in the
maintenance of proper erythropoiesis.
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Figure 2. Loss-of-function of Docking protein 2 (Dok2) in MEL cells. A: Microscopic images of MEL cells cultured with control siRNA (left) and
Dok2 siRNA (right) for 24 h. Scale bar=20 μm. B: May-Grünwald Giemsa staining images of MEL cells cultured with control siRNA (left) and
Dok2 siRNA (right) for 24 h. Scale bar=20 μm. C: Relative expression of Dok2 mRNA after 24 h of siRNA transfection. Live cell numbers (D) and
viability (E) of MEL cells after 24 h of siRNA transfection.
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Figure 4. Chromatin immunoprecipitation (ChIP) assay of Docking
protein 2 (Dok2). The amount of Krüppel-like protein 1 (Klf1) and β-
globin promoter in total input DNA and immunoprecipitated DNA were
measured by real-time polymerase chain reaction. The expression of
Klf1 promoter was enriched by 2.44±0.96-fold in the sample
immunoprecipitated with antibody to murine Dok2 when compared to
the control sample without antibody. Significant differences were
calculated with the Student’s t-test.


